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Limited fossil resources and severe environmental problems require new sustainable electricity 
generation options, which utilize renewable energies and are economical in the meantime. 
Concentrating solar power (CSP) generation is a proven renewable energy technology and has the 
potential to become cost-effective in the future, for it produces electricity from the solar radiation. In 


Keywords: Turkey, the electricity demand is rapidly increasing, while the solar resources and large wasteland areas 
Renewable energy are widely available in the western and southeastern part of Turkey. To change the energy-intensive and 
Potential y environment-burdensome economical development way, Turkish government supports the develop- 

Concentrating solar power f y an 
Turkey ment of this technology strongly. These factors altogether make Turkey a suitable country for utilizing 
CSP technology. In this paper, the potential of CSP in Turkey was studied and strategies to promote 

development of this technology were given. 
© 2010 Elsevier Ltd. All rights reserved. 
Contents 

Ls. Introductio. :s e asescar neparan maa inie aa Ea a E D BRN Rin wide oe E E G aE e ako le ike Fa e E SEE REE Col AAN EE EEE ECET 808 
2: Enetgy situation tm TURKEY srdsecrira neni nii rieni ni EE eA Te E DE utd w E E E E E Da aE E O E E e 809 
3: CSP systêmMS sooo ERAS DREAD a aa a e a RYE a o E aean aa de ae aa e OG Ba a a anaia E aE aie BU ia EVE SERRE OS OTS EERE CERES 810 
3d- Parabolic trotshi Sy Stents rerien enea ee ena en aa E E E es EE I E E E E eas E E E E E be Hite Masten aue 810 
3:2. Power tower system: seseesirecedniaaa einni nE e iei PERRET e ai a aE BOD ERT E aE aa E E EAE E EO EE SO SKUSE OSE EOE 811 
BBs Dish STIS Systemerne e E By e EET giao NE EEEE adh S E e Talis EE Ka A OT 811 
3A. Comparison of the Systems cssc irriwesi a tos die iape a E a wa E AEE dd, E dah EEE E OE Rada BURN EE 811 
A: . Potential Of CSP in TUKEY; secs i cack ae eee nie Eos Mea e a RE A E E E A ENE E E E 811 
4.1. Assessment of solar energy resources ........ssscocecireceseneceresresirseterisesereosershescseterereeretrrs eteta 812 
4.2. Assessment of the land use and land cover. ......osescresesereceresscesrreeseriseseneosersreseserecereerecrrorsec 812 
43. Other factors Ei i nea EE a a iene. E Mond EEE A ANNEE E ae Sak Ow T E Sa A E Kenta ew EEN 813 
5 Polciesand stratefieSy ynya eei n a mils E E AES Ea E E E EA a Gia BW es a O Rog E EE E E E ASEN 813 
6: CONCUSSIONS eenaa a E E A E A OSAS EE abs EEE E AE E E E E GE A aod) S E N naam 814 
Acknowledgements ds sheaa ae e on Gack ew a E N a Aw ahd we ecole boda E E aE aaan a aE ae SE Ei 814 
Referentes eiaeaen adonke e a ta oai E e AE EEE EE ER EE TE aoe waa bode a E i aa hua a ated gnats Gane E tied andre ne 814 


1. Introduction 


Solar radiation is a high-temperature, high-exergy energy 
source at its origin, the Sun, where its irradiance is about 63 MW/ 
m?. However, Sun-Earth geometry dramatically decreases the 
solar energy flow down to around 1 kW/m? on the Earth’s surface 
[1]. Nevertheless, under high solar flux, this disadvantage can be 
overcome by using concentrating solar systems which transform 
solar energy into another type of energy (usually thermal) [2]. 
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Solar radiation is converted into thermal energy in the focus of 
solar thermal concentrating systems [3]. These systems are 
classified by their focus geometry as either point-focus concen- 
trators (central receiver systems and parabolic dishes) or line- 
focus concentrators (parabolic-trough collectors (PTCs) and linear 
Fresnel collectors). 

PTCs focus direct solar radiation onto a focal line on the 
collector axis. A receiver tube with a fluid flowing inside that 
absorbs concentrated solar energy from the tube walls and raises 
its enthalpy is installed in this focal line [4]. The collector is 
provided with one-axis solar tracking to ensure that the solar beam 
falls parallel to its axis. PTCs can only use direct solar radiation, 
called beam radiation or Direct Normal Irradiance (DNI), i.e., the 
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fraction of solar radiation which is not deviated by clouds, fumes or 
dust in the atmosphere and that reaches the Earth’s surface as a 
parallel beam [4-6]. 

PTC applications can be divided into two main groups. The first 
and most important is Concentrated Solar Power (CSP) plants. 
There are currently several commercial collectors for such 
applications that have been successfully tested under real 
operating conditions. Typical aperture widths are about 6 m, total 
lengths are from 100 to 150m and geometrical concentrating 
ratios are between 20 and 30. Temperatures are from 300 to 400 °C. 
CSP plants with PTCs are connected to steam power cycles both 
directly and indirectly. Although the most famous example of CSP 
plants is the SEGS plants in the United States, a number of projects 
are currently under development or construction worldwide [4-6]. 

The other group of applications requires temperatures between 
100 and 250 °C. These applications are mainly industrial process 
heat, low-temperature heat demand with high consumption rates 
(domestic hot water, space heating and swimming-pool heating) 
and heat-driven refrigeration and cooling [1-3]. Typical aperture 
widths are between 1 and 3 m, total lengths vary between 2 and 
10 m and geometrical concentrating ratios are between 15 and 20. 
Most of the facilities are located in the United States, although 
some have recently been built in other countries. There are also 
some projects and facilities for other applications such as pumping 
irrigation water, desalination and detoxification [4-6]. 

During the period of 1990-2008, electricity generation had 
grown at an annual average of 6.5%, while installed capacity had 
increased more than three-fold, from 16 to 48 GW. Since the year 
of 2002, due to rapid expansion of energy-intensive industry sector 
and the kept increasing residential electricity demand, the growing 
electricity demand surpasses the power generation capacity, and 
lead to a demand-supply gap, so Turkey had to build many power 
plants, and the annual electricity demand growth averaged 14.6% 
from 2002 to 2008. This trend is expected to exist further in the 
near and mid term, otherwise Turkey could face serious economic 
consequences [7-10]. 

Coal and lignite are the largest primary energy resource in 
Turkey, and the reserves of oil and gas are relatively small. Due to 
the dominant use of coal for electricity generation, which 
represents 25% in total in 2008 [7-11], serious environmental 
negatives are caused. Air pollution in big cities, caused partly by 
coal-fired power plants, are creating severe health problem to the 
inhabitants; coal mining has led to many environmental problems, 
such as ground sedimentation, land degradation and water 
contamination. These local negatives are further accompanied 
by the increasing emissions of the greenhouse gas of CO2, which 
contributes the most to the global climate change [7-9]. 

Climate change has called great attention worldwide, and it is 
the first issue in the World Economic Forum Annual Meeting of 
2007 at Davos [12]. China, Turkey and other developing countries 
accounted for 64% of the growth in global CO2 emissions over the 
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Fig. 1. Energy production and consumption in Turkey. 


period of 1990-2004. Recent analysis of IEA suggests that China 
could surpass the US to become the world’s largest source in CO2 
emissions by 2009, rather than 2020 as previously forecasted [13]. 
The necessity of a gradual change of the current coal-dominated 
energy construction seems to be inevitable, otherwise China will 
face more and more pressure from the international society [5,13]. 

As part of the solutions for the above-mentioned negative 
effects, Turkey is looking for environment friendly renewable 
energy sources. As indigenous resources, the renewable energy has 
additional positive effects of promoting local economy develop- 
ment, mitigating financial burden from energy imports, and 
improving energy safety of the country. On the other hand, the 
concentrating solar power (CSP) is a promising option, and this 
technology represents a sustainable energy source with huge 
potential for Turkey. 


2. Energy situation in Turkey 


Turkey’s economy continues to rapidly expand and results 
growing energy demand (Fig. 1). The official economic growth 
objective of quadrupling 2000 GDP by 2020 is relatively moderate, 
with annual rate of about 6.4% from 2005 to 2020 [9]. To meet this 
rising electricity demand (Fig. 2), Turkey would have to install as 
much as 35-60 GW of additional generation capacity by 2020 
(Table 1) [7]. That means, under these assumptions, 40-50% of 
Turkey’s 2020 generating capacity remains to be built. However, as 
mentioned above, recent trends in energy demand growth and 
resource use far exceed this pace, this indicates one of the highest 
growth rates worldwide and one of the biggest challenges for the 
Turkish economy [7-9]. 

It is obvious that most of the Turkish electricity generating 
capacity is based on thermal power plants, and natural gas is by far 
the most important fuel for power generation (Fig. 3, Table 2). On 
the other hand, in the coming years, Turkey is expected to continue 
to depend mainly on coal and gas as an energy source in the power 
sector. But the importance of gas will increase in the future, and 
wind and nuclear power generation will probably play important 
roles in the Turkish power sector [7,10]. 
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Fig. 2. The total power and gross electricity consumption in Turkey. 
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Table 1 
Forecast of electricity generation until 2020. 
Forecast 2008 2015 2020 
Annual growth rate of GDP 8.1 6.8 7.0 
Total electricity demand (TWh) 242 403 544 
Capacity to install (GW) 58 70 86 
Table 2 
Turkish power sources in 2008 and forecast. 
Power sources 2008 2020 target Implied Estimated 
capacity capacity average resources 
(GW) (GW) annual 
growth (%) 
Coal 8 10 10 1126 million tons 
Natural gas 34 46 30 8 billion m? 
Hydropower 14 17 12 124 billionkWh 
Geothermal 0.2 1.0 15 2843 Mtoe 
Wind power 0.8 5 40 60 billion kWh 
Solar PV 0.2 0.4 10 305 billion kW h 
Nuclear 0.0 5 14 n/a 
Biomass 1.0 2.0 20 2 billionkWh 


Table 3 
The amount of fossil energy resources in Turkey. 


Sources Apparent Probable Possible Total 
Hard coal (million tons) 428 449 249 1126 
Lignite (million tons) 7339 626 110 8075 
Asphaltite (million tons) 45 29 8 82 
Bituminous schist (million tons) 555 1086 269 1641 
Oil (million tons) 36 - - 36 
Natural gas (billion m?) 8.8 - - 8 


It has raised a lot of concern in Turkey that the power sector is 
strongly dependent on the fossil fuel of coal and, in the future, the 
gas [7]. In Turkey, the only in large quantities available fossil 
resource is coal and lignite (Table 3) [8]. However, as already 
mentioned above, the use of coal as the primary energy source 
causes numerous environmental problems. The air quality of 
Turkish cities is amongst the worst in the world, in part because of 
the use of coal for power generation. At the same time, the 
combustion of coal, like other fossil fuels, increases the CO, 
emissions contributing to the greenhouse effect and consequent 
climate changes, will affect Turkey much more than the 
industrialized countries [7-11]. 

As one of the energy sources, the increasing use of natural gas 
can reduce some negative environmental effects, but it will also 
contribute to climate changes through increased COz-emissions. In 
addition, Turkey will depend largely on gas imports in the future, 
as the Turkish per capita natural gas reserve is only 0.5% of that of 
the world [11]. Thus, a large part of Turkey’s export earnings will 
have to be paid for the imports and the economy might have to be 
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Fig. 3. Electricity consumption by source in Turkey. 


suffered from energy price changes on the world market [7]. The 
only way to reduce the import dependency, and the environmental 
problems caused by combustion of fossil fuels, is to use indigenous 
renewable energy sources that are sufficiently available in Turkey 
as shown in Table 4 [14,15]. Currently only hydro-power 
contributes significantly to the power generation in Turkey [16]. 
Except for the hydro-power plants which contribute 32% of the 
whole electric power generation in 2008, only very little (860 MW) 
of the grid capacity is based on renewable energies. Generally 
biomass power plants account for the largest part of the non-hydro 
renewable electricity generation capacity [17]. The wind energy 
has experienced a tremendous growth since mid of 1980s, from the 
installed capacity of 40 MW in 2004 to the capacity of around 
800 MW by 2008. Wind power has a large potential in the coming 
years, and the potential of other renewable energies is also 
significant [18]. 


3. CSP systems 


In this section, a description and assessment of the CSP systems 
is given (see Fig. 4), which incorporate three different design 
alternatives: parabolic trough, power tower and dish/stirling. 
These systems are solar thermal concentrating devices: Direct 
Normal Insolation (DNI) is reflected and concentrated onto a 
receiver/absorber where it is converted to heat, then the heat is 
used to produce steam to drive a traditional Rankine power cycle 
[19]. Table 5 lists the performance data for various CSP 
technologies [4]. The function principle and the main system 
parameters of these power plants are described below. 


3.1. Parabolic trough system 


Parabolic trough system is line-focusing, and it uses the 
mirrored surface of a linear parabolic concentrator to focus direct 
solar radiation to an absorber pipe running along the focal line of 
the parabola. The heat transfer fluid (HTF) or water inside the 


Table 4 
Turkey’s renewable energy potential. 
Energy type Usage purpose Natural capacity Technical Economical 
Solar energy Electric (billion kW h) 977,000 6105 305 
Thermal (Mtoe) 80,000 500 25 
Hydropower Electric (billion kW h) 430 215 124.5 
Wind energy (land) Electric (billion kW h) 400 110 50 
Wind energy (off shore) Electric (billion kW h) - 180 - 
Wave energy Electric (billion kW h) 150 18 - 
Geothermal energy Electric (109 kWh) - - 1.4 
Thermal (Mtoe) 31,500 7500 2843 
Biomass energy Total (Mtoe) 120 50 32 
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Fig. 4. Schematic overview of the concentrating solar power. 


Table 5 
Performance data for various concentrating solar power technology in 2010. 
CSP systems Capacity Capital cost Levelized Energy Demonstrated annual Thermal Land use 
range (MW) ($/kW) cost (cent/kW h) solar efficiency (%) efficiency (%) (m?/MW ha) 
Parabolic trough 10-200 2900 5.6-9.1 10-15 30-40 6-8 
Power tower 10-150 2400-2900 3.3-5.4 8-10 30-40 8-12 
Dish-stirling 0.01-0.4 2900 4.0-6.0 16-18 30-40 8-12 


absorber pipe is heated and pumped to the steam generator, which 
in turn is connected to a steam turbine to produce electricity. 
Normally a natural gas burner is used to produce steam at the time 
of insufficient radiation [20]. On the other hand, parabolic trough 
technology has demonstrated its ability to operate in a commer- 
cialized environment by the nine solar power plants in California, 
the United States, which developed by Luz International Limited 
between 1984 and 1990. The accumulated 154 years’ operation 
experiences of these plants indicate the low technical and financial 
risk in developing near-term plants [21]. 

During the long term’s operation of the plants in California, 
electricity generation has been improved significantly by improv- 
ing operation and maintenance procedures. The Kramer Junction, 
one of the three sites locating the nine plants, has achieved a 30% 
reduction in operation and maintenance costs during the last five 
years [22]. Besides many detailed modifications, several major 
improvement works have been proceeding on, including Integrat- 
ed Solar Combined Cycle System (ISCCS) [23]. Using direct solar 
steam generation, the HTF/water heat exchanger will no longer be 
required [5,6]. Thus, by reducing investment costs and at the same 
time increasing system efficiency, a significant reduction of 
electricity generation cost is expected; ISCCS is a new design 
concept that integrates a parabolic trough plant with a gas turbine 
combined-cycle plant. The ISCCS has called much attention 
because it offers an innovative way to reduce cost and improve 
the overall solar-to-electric efficiency. 


3.2. Power tower system 


Power tower system is characterized by the centrally located 
large tower. A field of two-axis tracking mirrors (heliostats) 
reflects the solar radiation onto a receiver that is mounted on the 
top of the tower, where the solar energy is absorbed by a working 
fluid, then used to generate steam to power a conventional 


turbine. To maintain constant steam parameters at fluctuant solar 
irradiation or even at the time of no shining, the system can be 
integrated with a fossil back-up burner or a thermal storage unit 
[5,20]. 


3.3. Dish/stirling system 


Dish/stirling system uses a parabolic dish concentrator to focus 
direct solar radiation to a thermal receiver, and a heat engine/ 
generator unit located at the focus of the dish generates power. 
Typically, a stirling engine is used; other designs use gas (Brayton) 
turbines. A hybrid operation using natural gas is also possible 
[6,20]. 


3.4. Comparison of the systems 


With capacity of 10-400 kW, the dish/stirling is rather small. It 
does not enjoy the same economy of scale as the other two 
systems, so it is doubtful whether dish/stirling will ever form the 
backbone of multi-GW grid connected systems [5,6]. However, this 
system could play an important role in the decentralized part of the 
solar economy. On the other hand, parabolic trough and power 
tower are both centralized systems, and they are candidates for 
applications with grid connection. The tower is still immature and 
the large scale utilization of parabolic trough could be realized in 
near and mid-term [20,21]. 


4. Potential of CSP in Turkey 


This section will focus on the siting parameters of centralized 
CSP systems, to investigate the potential of such plants in Turkey. 
There are many technical and economical issues related to siting of 
the CSP plants, the main factors are listed in Table 6 and studied, 
respectively. 
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Table 6 
Main siting factors of concentrating solar power plant. 


Siting factor Requirement 


Solar resource Abundant > (1800 kW h/m? a) for economical 


operation 

Land use 5 acres (20,234 m°) per megawatt of electricity 
production 

Land cover Low diversity of biological species, limited 
agriculture value 

Site topography Flat, slope up to 3%, 1% most economical 

Infrastructure Proximity to transmission-line corridor, 


natural gas pipeline 


Water availability Adequate supply, otherwise dry cooling 


4.1. Assessment of solar energy resources 


Turkey’s geographical location is highly favorable for the 
utilization of solar energy. The country has approximately 2460 
days of sunshine with an average solar radiation of 1311 kW h/m? 
per year. Turkey is a country with a land area of about 781,000 km?, 
and it belongs to those so-called sun belt countries. Fig. 5 shows the 
Turkish map of Direct Normal Insolation (DNI). Generally speaking, 
the solar resource is abundant in Turkey, but greatly diverse in 
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various areas [24]. The direct normal solar radiation ranges from 
less than 2 kW h/(m? day) in part of the south-east to more than 
9 kW h/(m? day) in part of the west. 

CSP systems require high DNI for cost-effective operation. Sites 
with excellent solar radiation can offer more attractive levelized 
electricity prices, and this single factor normally has the most 
significant impact on solar system costs [22]. On the other hand, it is 
generally assumed that CSP systems are economical only for 
locations with DNI above 1800 kW h/(m? a) (circa 5 kW h/(m? day)) 
[24]. As can be seen from Fig. 5, most of the southern and the 
southeastern parts of Turkey’s land area can satisfy this requirement. 
Adana has the best DNI resource in Turkey, and part of Inner Anatolia 
(Konya), Southeastern Anatolia (Urfa) also possess of DNI resource of 
more than the a.m. limit (see Figs. 6 and 7). 


4.2. Assessment of the land use and land cover 


Except for the solar radiation, CSP plants require a large area for 
their solar field, approximately a land area of 20,234 m? is required 
per megawatt of electricity produced in a solar thermal power 
plant [20-23]. As Turkey is a very intensively populated country, 
the agricultural land and forest, which is needed for crop and 
biomass production for the growing population, should not be 
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Fig. 6. Solar map of Turkey (kW h/m? year). 
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Fig. 7. Selected concentrating solar power (CSP) sites in Turkey: CSP 1 Urfa: 1900 kW h/m?; CSP 2 Konya: 1450 kW h/m?; CSP 3 Adana: 1980 kW h/m?. 


considered for siting power plants. Thus, only wasteland, which is 
unsuitable for agricultural and residential use, can be considered as 
construction sites. 

It is estimated that Turkey has 243,000 km? of such wasteland. 
Most of the wasteland is located in the southern and the 
southeastern Turkey where the solar radiation is among the 
highest (Fig. 6). In southern of Turkey, Adana region with 
wasteland of 87,900 km?, and annual normal direct solar radiation 
more than 1980kWh/m? in most of the areas, seem to be 
especially suitable locations [24]. 

Assuming just 1% of the whole wasteland is taken as potential 
site for solar thermal power plants, an area of 26,300 km? still 
remains. This indicates that the land availability will not become 
barrier in the future. Even if only power tower, the technology 
with the higher land area requirement, were used, 60 GW of 
electricity generation capacity could be installed, about two 
times of the forecast of the capacity to be installed until 2020 
(Table 1). 


4.3. Other factors 


Except for solar energy resources, land use and land cover, the 
other siting factors are not much different compared with those of 
the traditional steam power plant [5]. Land slope is an important 
characteristic during the siting investigation of a CSP plant. An 
overall slope of less than 1% is preferable; higher slope up to 3% is 
also acceptable, but will elevate the cost. For comparison, a thermal 
fired plant requires a land slope of 1-3% [22,23]. Another siting 
issue is the water availability. The water used at a Rankine steam 
CSP plant is for the steam cycle, mirror washing, and mostly the 
cooling tower. If sufficient water is not available at the site, dry 
cooling system is the other choice. However, the plant electricity 
cost can be raised by 10% in this case [19-23]. 

Access to transmission line and natural gas pipeline are also 
important factors for selecting the sites. Transmission line costs 
can be very high, so proximity of potential CSP plant to the grid is 
very important [5]. With fossil fuel, preferably natural gas, as 
supplement for the solar energy resource, the solar thermal power 
plants have the capacity to provide firm power in a hybrid 
configuration. However, the last issue is significant, but not 
determinant [23]. A feasibility study involving all these factors 
must be implemented before the location is determined for a CSP 
plant [20]. 


5. Policies and strategies 


Turkey’s energy policy target is to reach a 20% renewable 
energy share by the year of 2020, and 30% in 2050, respectively 
[7,8,11]. The instruments to reach this goal range from the ‘Law of 
the Turkish Policies on Renewable Energies’ to the political and 
financial support of research and development of renewable 
energy sources [7]. The Ministry of Energy and Natural Resources 
of the Turkey has listed CSP as an important research issue in the 
‘Summary of National mid & long-Term Science and Energy 
Technology Development Plan’ (2006-2020) [7]. On the other 
hand, up to now, no commercial solar thermal power plant is in 
operation in Turkey [7,8,11]. 

Technology and cost are two major barriers to the CSP 
development in Turkey. To resolve the critical technological 
problems, the Ministry of Energy and Natural Resources will be 
cooperation with Scientific and Technological Research Council of 
Turkey (TUBITAK) by using USD 1.2 million from governmental 
budget for ten years period is funding CSP research in order to 
resolve the critical problems and bring CSP into the position to 
successfully enter the market. Also Turkey has been active in many 
international research and development activities, to accelerate 
this process [7,25]. 

Using current CSP technology, the electricity generation cost of 
10-12 US cents/kWh is still higher than that of traditional 
thermal-fired plant. However, further significant cost reduction 
can be expected for this still young technology [22]. Also, the 
Turkish government has carried out regulation on renewable 
power pricing to make solar power profitable [7]. Moreover, this 
‘zero-emission’ technology offers tremendous environmental 
positives concerning CO2 and other emissions [15]. Despite all 
these advantages, CSP is still a very cost-intensive technology, 
which prohibits its use in developing countries up to now [20]. 
Thus, low capital costs are a precondition for the economic 
operation of this technology. Taking all these factors into 
consideration, it becomes obvious that CSP offers a cost-effective 
opportunity for international cooperation against climate change 
[5,6]. In the context of Clean Development Mechanism (CDM), 
formulated in the Kyoto Protocol, CSP technology can offer 
interesting investment opportunities for the industrialized coun- 
tries, to provide the necessary capital to the developing countries. 
This would help to protect the highlighted climate change by 
reducing CO2 and other greenhouse emissions, and in the 
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meantime support the sustainable development of the developing 
countries with rapidly increasing electricity demand, including 
Turkey. 


6. Conclusions 


Against the background of an increasing energy demand and 
growing environmental problems in Turkey due to the use of fossil 
fuels, CSP technologies offer interesting opportunities for Turkey. 
These technologies can easily be adapted to the southern and 
southeastern part of Turkey due to the abundant solar radiation 
and the large wasteland. On the other hand, based on the total 
electricity production in 2008 and forecast for the year of 2020, the 
CSP was not taken into account, this indicates that we have only 
taken initial steps in the process of utilizing this technology in 
comparison with other renewable power sources and that much 
more efforts would be necessary. To bring it to a market-ready 
position, the government’s support and strategies are necessary. 
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